Forty-four nucleotides at the 5' terminus of the genomic RNA of Sindbis virus can form a stable stem-loop structure and have been shown previously to be important for viral replication. The structure formed by the complement of this sequence at the 3' end of the minus-strand RNA has been proposed to be a promoter for RNA replication and as such might be bound in a specific fashion by proteins of either cellular or viral origin. Short oligonucleotide probes (either 62 or 132 nucleotides) representing the 3'-terminal sequence of the minus strand were prepared. When added to extracts from infected or uninfected cells, these probes were bound by cellular proteins, as evidenced by a shift in the electrophoretic mobility of the (labeled) oligonucleotide. Competition experiments confirmed the specificity of the interaction. Proteins of apparent molecular sizes 42 and 44 kDa, and to a lesser extent 52 kDa, could be cross-linked to the minus-sense probes by UV irradiation. A mutant minus-strand probe identical to the longer probe except for a single-nucleotide deletion corresponding to nucleotide 5 in the genomic RNA, which is lethal for the virus, was also found to bind the same proteins as the wild-type probe. The half-life of the mutant probe-cellular protein complex was threefold longer than that of the wild-type complex, however, indicating that the mutant probe was bound more tightly than the wild-type probe. We hypothesize that the binding of cellular factors may be transiently required for initiation of transcription of plus-strand RNA from the minus-strand template and that overly tight binding of such factors is deleterious for RNA replication.
The RNA replicases of RNA animal viruses are poorly understood. In the case of the alphaviruses, which are enveloped plus-strand RNA viruses, four nonstructural proteins, termed nsPl to nsP4, are encoded by the virus and all four have been shown to be essential for RNA replication (12, 13) . Currently it is believed that nsPI is required for capping of viral RNAs (23) and for initiation of minus-strand RNA synthesis (13) , that nsP2 is both an RNA helicase required for RNA replication (11) and a proteinase required for processing the nonstructural proteins from a polyprotein precursor (14) , and that nsP4 is the viral RNA polymerase (3, 12) . Alphavirus replicases have been partially purified from infected cells, and the major virally encoded component has been found to be nsPl, with minor amounts of nsP2 and nsP4 (see reference 35 for a review). However, the replicases are not capable of specific initiation of RNA synthesis and have proven recalcitrant to further purification.
In addition to the virally encoded components, there are reasons to believe that cellular components might form part of the alphavirus replicase, as has been found in the case of other RNA viruses. The RNA replicase of phage Q,B contains three host cell proteins and one viral component (5) , while the purified polymerase complex of cucumber mosaic virus contains two virus-encoded proteins and one host factor (15) . Although the alphavirus replicase has not been purified sufficiently to identify host proteins that might be specifically associated with the replicase, the different effects of mutations in different cell lines have led to the hypothesis that host cell factors bind to conserved nucleotide sequence elements in the RNA to promote RNA replication (18, 25, 26) . In the current model, these cellular proteins, probably in association with viral replicase components, recognize an RNA sequence or structure and * Corresponding author.
interact with it in order to catalyze initiation of RNA synthesis. The participation of host proteins in the recognition of these viral sequence elements would require that these sequence elements be conserved during evolution of the virus.
Four conserved domains in the genomes of alphaviruses have been proposed as recognition sequences for the replicase complex (27) (28) (29) . The best-characterized sequence element is a 24-nucleotide promoter containing the start site of the subgenomic RNA which has been shown to be necessary and sufficient for transcription of a subgenomic RNA (21, 32) . The importance of three other elements, a conserved 19-nucleotide sequence adjacent to the poly(A) tail, a 51-nucleotide element capable of forming two hairpin structures found in the coding region of nsPl, and the 5'-terminal 44 nucleotides, have been confirmed by mutational analyses (18, 25, 26) .
The mutational analysis of the 5' nontranslated region (NTR) of Sindbis virus RNA (25) demonstrated that deletions within the first 44 nucleotides were deleterious for virus growth. Deletion of the first residue (A), of residues U2-U3-G4, or of residue A5 was lethal. Deletion of residue G8 or of residue C36, which are hypothetically base paired in the stem-loop structure, led to thermosensitivity of the rescued viruses. All other deletions examined within the first 44 nucleotides gave rise to virus that was severely impaired for growth in chicken cells or in mosquito cells, or in both. These results suggested that the stem-loop structure that can be formed by these 44 nucleotides, whether in the plus strand or in the minus strand, was important for the replication of Sindbis virus RNA. Furthermore, since the effect of any particular mutation often differed dramatically in chicken cells and in mosquito cells, both of which represent natural hosts of the virus, cellular proteins might bind to this structure.
In this study, we examined the ability of the 3'-terminal region of Sindbis virus RNA minus strand, and of mutagenized derivatives, to interact with proteins from chicken cell extracts. We found that labeled probes from this region were bound by chicken proteins in a specific fashion and that a mutant probe was bound even more tightly by these same proteins. The results are consistent with the hypothesis that these cellular proteins are involved in initiation of plusstrand RNA from a minus-strand template.
MATERIALS AND METHODS
Preparation of RNA transcripts. The wild-type Sindbis virus in these studies was derived from a full-length cDNA clone of Sindbis virus, pToto5l (18) , by transfection of chicken cells with RNA synthesized in vitro with SP6 RNA polymerase as previously described (33) . p5NTd(5) is a mutagenized derivative that has nucleotide A5 deleted, which is lethal so that no virus can be rescued from this clone (25) . Viruses derived from two other mutagenized derivatives, p5NTd (8) , which has nucleotide G8 deleted, and pSNTd (8, 36) , in which both G8 and C36 are deleted, are thermosensitive (25 RNA-protein binding reaction and gel retardation analysis. The binding reaction was a modification of that described by Meerovitch et al. (22) . Briefly, P100SW extract (750 ng except in titration experiments) was preincubated with 1 mg of poly(dI-dC) or alternatively poly(rI-rC) per ml, to suppress nonspecific binding, in 2.5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.6)-12.5 mM KCI-1 mM MgCI2-1.9% glycerol-0.01 mM dithiothreitol-0.75 mM ATP-1 mM GTP (binding buffer), in a final volume of 10 pul, at 30°C for 10 min. 32P-labeled probes (5,000 cpm; about 0.3 ng of RNA except in titration experiments) were then added, and the mixture was incubated for 10 min at 30°C. In the case of competition experiments, various amounts of unlabeled transcripts were added to the reaction mixture either simultaneously with or after the 32P-labeled probes, as indicated. The samples were then loaded onto 5% polyacrylamide gels containing 0.5 x Tris-borate-EDTA and 5% glycerol and electrophoresed for 3 h at 30 mA at 20°C. The gels were dried and exposed to X-ray film with an intensifying screen at -80°C. Complex formation and free RNA were quantitated by scanning the dried gels with a Phosphorimager scanner (Molecular Dynamics).
UV-induced cross-linking and analysis of cross-linked proteins. P100SW extract (4 jig) was preincubated with 1 mg of poly(dl-dC) or poly(rI-rC) per ml in a final volume of 50 pul of binding buffer at 30°C for 10 min. A further incubation of 10 min at 30°C with the 32P-labeled probes (125,000 cpm; about 7.5 ng of RNA) was followed by UV irradiation of the RNA-protein complexes for 20 to 60 min at 0°C with a short-wavelength lamp (Ultraviolet Products, San Gabriel, Calif.) held at 3 cm (20) . In competition experiments, about 1.1 pug of unlabeled transcripts was added to the reaction mixtures either simultaneously with or after the 32P-labeled probes (see text). The samples were then treated with 20 U of RNase T1 and 20 jig of RNase A for 15 min at 37°C, heated at 70°C for 15 min in Laemmli sample buffer, and analyzed on 14% polyacrylamide-sodium dodecyl sulfate (SDS) gels (19) . RESULTS Production of probes. To examine the ability of the Sindbis virus 5' region to interact with cellular or viral proteins, we inserted a cDNA copy of the first 132 bases of the Sindbis virus genome into a transcription vector under the control of both SP6 and T7 RNA polymerase promoters, to give a plasmid referred to as pGEH ( . Antisense mutant probes were also produced by using clone constructs in which nucleotide A5 or G8 or both G8 and C36 (numbering in the genomic orientation) were deleted, to give probes referred to as 132S(-)d5, etc. [pGEHd5 and 132S(-)d5 are illustrated in Fig. 1 ]. We also produced a shorter minus-sense wild-type probe from a plasmid called pGEX that contained the first 62 bases of Sindbis virus RNA, 19 extra bases from the vector pGemini at the 5' end, and 5 extra bases at the 3' end ( Fig. 1 ). Finally, a control probe (BIs) was produced that was a 127-residue SP6 transcript of pBEH that contained the sequence of restriction sites EcoRI and HindIII, the antisense sequence of the T7 RNA polymerase promoter, and pBluescript sequence up to the PvuII restriction site. Specific protein binding to the 3' end of Sindbis virus minus-strand RNA. During development of this project, we tested several extract preparations, and the clearest results were obtained with a P100SW extract. When the radiolabeled minus-sense probe 132S(-) was incubated with P100SW extracts from uninfected secondary chicken embryo fibroblasts, we observed two retarded bands upon gel electrophoresis (Fig. 2 , lane 2, bands I and II). Band I is specific to the antisense probe; when a non-Sindbis virus probe (Bls) or the plus-sense Sindbis virus probe 129S(+) was used, only a band migrating near the position of band II was present (Fig. 2, lanes 10 and 12) .
Complex formation was found to be optimal in the presence of 0.25 to 0.65 M NaCl, 0.75 mM ATP, and 1 mM GTP (data not shown). If either the ATP or the GTP was omitted from the reaction, the amount of complex formed was reduced threefold.
To examine the specificity of the different complexes observed with the minus-sense probe, we performed competition experiments in which an excess of unlabeled competitor, either unlabeled 132S(-) or the non-Sindbis virus Bls probe, was added to displace the equilibrium. We found that only the Sindbis virus competitor interfered with the formation of band I (Fig. 2, lanes 3 to 5) ; this band was still present after the addition of 150 ng of non-Sindbis virus competitor (Fig. 2, lanes 6 to 8) . We conclude that band I is formed upon specific binding of cellular proteins to the Sindbis virus minus-sense probe. (Fig. 3, lanes 2 and  9) . Competition experiments showed that only the Sindbis virus competitors interfered with complex formation by either 32P-labeled probe (Fig. 3, lanes 6 and 14) . Furthermore, cross-competition experiments showed that the complex formation obtained with the 132S(-) or the 132S(-)d5 probe could also be prevented with an excess of mutant or wild-type competitor, respectively (Fig. 3, lanes 7 and 13) , showing that the two competitors were functionally equivalent in the binding assay. As expected, the use of nonSindbis virus competitor Bls failed to interfere with complex formation when either the wild-type or the mutant probe was used (Fig. 3, lanes 5 and 12) . When Sindbis virus competitors were added after 10 min was allowed for complex formation, we found that the dissociation of the complexes was delayed; i.e., band I did not completely disappear as in competition experiments in which the probe and competitor were added simultaneously ( Fig. 3 ; compare lanes 3 and 4 with lanes 6 and 7, and lanes 10 and 11 with lanes 13 and 14) . Moreover, complexes with the mutant 32P-labeled probe dissociated to a lesser extent than did complexes with the wild-type 32P-labeled probe in this experiment (Fig. 3) . This result indicated that the mutant probe was bound more tightly by protein(s) to form the RNA-protein complexes. This difference in binding is explored in more detail below.
We also examined the importance of two other mutations on complex formation. Sindbis virus deletion mutants 5NTd(8) and 5NTd (8, 36) are phenotypically thermosensitive (25) , with altered RNA synthesis even at the permissive temperature (30) . Probes 132S(-)d8 and 132S(-)d8,36, obtained from the corresponding deletion mutants, were used in complex formation and competition experiments. The type of competitor (about 45 ng) is indicated above each lane. Lane C, no incubation with extract; lane 0, binding assay in the absence of competitor. Mix indicates that the probe and competitor were added concomitantly; otherwise the 32P-labeled probe was added first and the competitor was added after complex formation had occurred. I indicates the major retarded band I which is specifically formed with the Sindbis virus probes, and III refers to a minor band which appears to form nonspecifically (see text). The arrow indicates free probe.
are not directly involved in the RNA-protein interactions responsible for the complex formation being analyzed here.
Quantitative analyses of the RNA-protein interactions. To compare complex formation with the wild-type 132S(-) probe and the mutant 132S(-)d5 probe in greater detail, a constant amount of cellular extract was titrated with increasing concentrations of each probe and the extent of complex formation was analyzed by gel retardation. The proportion of the probes in the retarded bands was quantitated, and the amount of specific complex formed is plotted against the amount of total specific binding site available in Fig. 4A . The data were transformed (Fig. 4B) In a second approach to determine the relative affinities of the binding proteins for the wild-type and mutant probes, we measured the half-life (t1/2) of the complexes formed with either the 132S(-) or 132S(-)d5 probe. For this purpose, complex formation with the probe was allowed to occur, and then an excess of unlabeled competitor was added. After various periods of incubation in the presence of the competitor, the samples were analyzed on gels (Fig. SA), (6) . quantity of complexes remaining was determined as a function of time (Fig. 5B) . With the wild-type probe, the t1/2 was 5.5 min (apparent dissociation constant [kd]= 2.1 x 10-3 s'1), whereas with the mutant probe it was 16 min (kd = 0.72 X 10-3 s-1). As a control, we showed that adding the probe and its unlabeled competitor simultaneously resulted in complete displacement of the equilibrium in both cases (Fig.  SA, lanes 3 and 10) . Thus, the wild-type complex dissociates threefold faster than the mutant complex, and the mutant probe is bound more tightly by the proteins involved in the Sindbis virus-specific complexes.
The observed t1/2 for the mutant probe was not changed when the competitor concentration was increased by threefold (Fig. 5, lane 11) . Quantitation of band I in crosscompetition experiments (Fig. 3, lanes 3, 4, 10 performed by using a constant amount of probe to titrate an increasing quantity of extract (Fig. 6) sequence. The major retarded band detected with this probe migrated slightly faster than the band I complex formed with the longer probe, presumably because of the difference in the sizes of the probes (Fig. 7, denoted 1*) . This band was abolished by the addition of 62S(-) competitor (Fig. 7 Comparison of complex formation with use of the 132S (-)d5 and 62S(-) probes. Binding experiments were performed as described in Materials and Methods, using either the 132S(-)d5 (lanes 1 and 2) or 62S(-) (lanes 3 and 4) 32P-labeled probe in the absence of competitor (lanes 1 and 3) or in the presence of about 45 ng of the 132S(-)d5 competitor (lane 2) or 62S(-) competitor (lane 4). I refers to the position of major retarded band I observed with use of the 132S(-)d5 32P-labeled probe; I* refers to major retarded band I observed with use of the 62S(-) 32P-labeled probe; arrows indicate free probe. the Sindbis virus antisense RNA probes, we irradiated the complexes with UV light to cross-link the probes to the proteins that were bound to them. The majority of the probe was then removed with RNase, and the proteins that were labeled by transfer of 32p from the probe were analyzed on SDS-containing polyacrylamide gels. With the wild-type 132S(-) probe, the wild-type 62S(-) probe, and the 132S(-)d5 mutant probe, at least five bands with apparent sizes of 42, 44, 52, 56, and 95 kDa were seen on the autoradiogram (Fig.  8) . The 42-and 44-kDa proteins, and to a lesser extent the 52-kDa protein, appeared to form specific complexes with the Sindbis virus probes. First, these proteins were not labeled when the Bls probe was used to form the complexes (not shown). Second, labeling of the 42-and 44-kDa proteins, which clearly interacted with both the long and short Sindbis virus probes, could be abolished with Sindbis virus competitors (Fig. 8, lanes 3, 7, and 10) but not with the Bls competitor (Fig. 8, lanes 4, 8, and 11) . The 52-kDa protein interacted with the Sindbis virus 62-nucleotide probe; it disappeared upon competition with Sindbis virus competitor but was only slightly affected by the nonspecific competitor (Fig. 8, lanes 10 and 11, respectively) . This protein also appeared to be labeled with the long probes, both the wild-type and d5 mutant probes, but the labeling was weak and the band was too diffuse to be accurately assayed. In fact, all of the protein bands in such experiments were diffuse in comparison with molecular weight marker bands, possibly because of the UV light treatment or removal of the RNA probe to various extents by RNase treatment. Thus, the situation with the 52-kDa protein in the assays with the long probes is not clear.
The 56-and 95-kDa proteins appeared to interact with the probes nonspecifically. Curiously, labeling of the 56-kDa protein was not abolished by adding unlabeled 62S(-) probe as a competitor; instead, the amount of labeled protein appeared to increase (Fig. 8, lanes 9 and 10) . Similarly, nonspecific labeling of the 56-kDa protein by the 132S(-) 32P-labeled probe was slightly increased by the addition of unlabeled 132S(-) probe (Fig. 8, lanes 1 and 3 and lanes 5  and 7) . Such an increase in nonspecific transfer of label to a protein upon addition of unlabeled probe has been observed in UV-cross-linking studies of plOO, which binds nonspecifically to nucleotides 559 to 624 of the poliovirus RNA noncoding region (22) .
It is not clear whether the 42-and 44-kD bands involved in complex formation with the Sindbis virus RNA probes arise from two different proteins that differ slightly in size, or whether they result from one protein that migrates as a doublet because of modification(s). Such migration as a double band by a binding protein has been described for the ABF1 factor, a 135-kDa protein that binds to a sequence called the polymerase upstream box sequence in yeast cells (8) , as well as for the cellular p57 RNA-binding protein involved in the cap-independent translation of encephalomyocarditis virus RNA (17) .
DISCUSSION
Binding of cell proteins to the 3' end of the Sindbis virus minus strand. We have used short riboprobes to assay for the interaction of cellular proteins with the 3' end of Sindbis virus minus-strand RNA. It is usually assumed that the affinity constant in this type of nucleic acid-protein interaction is determined by the dissociation constant, kd, as the association constant, ka, is normally a function simply of diffusion and thus does not vary from probe to probe. A threefold difference in the kd for the wild-type and mutant probes would then predict a threefold difference in the affinity constant Ks (= kjlkd), and therefore in Kr (=KIK,,), for these two probes. We found only a slight difference in the Krs, about 1.4-fold, suggesting that there may be a difference in the mutant and wild type ka, possibly caused by changes in RNA conformation. It seems more likely, however, that the Kr estimates are somewhat inaccurate because of the difficulties of quantitating low concentrations of complex necessary for determination of the slope, and that the affinity constants probably do differ by a factor of 3. In any event, the mutant kd and the wild-type kd are clearly different, and this difference could account for the mutant phenotype.
It is noteworthy that the values of Kr and of kd are similar to values found for the interaction of proteins with DNA sequence elements involved in transcriptional control in the developing sea urchin. Calzone et al. (6) The conservation of a number of these structures among picornaviruses suggests that they can play an important role in virus replication (34) , and a number of studies have shown that these structures are important for replication or translation of the viral RNA (17, 31, 36) . The 5' NTR of poliovirus RNA was shown to bind a cellular protein p52 thought to be involved in initiation of translation of poliovirus RNA (7, 22) , while a 57-kDa cellular protein was shown to bind specifically to the 5' end of encephalomyocarditis virus RNA and to be involved in cap-independent translation (17) . In the latter case, the binding of this protein was shown to require stem-loop structures in the 5' NTR. The 5' NTR must also be involved in RNA synthesis; in the case of poliovirus, it has been shown that 3CPrO and 3DPo1 bind to a stem-loop structure in the 5' NTR and promote plus-strand RNA replication (1, 2) .
The 3' NTR of rubella virus RNA is capable of binding three cellular proteins that may be involved in the replication of the virus (24) . A stem-loop structure appears to be important for the binding. Although deletion of a G residue and a C residue hypothetically base paired in the stem of a stem-loop structure at the 3' end of the genomic RNA, or of the G residue alone, had no effect on complex formation, deletion of two unpaired uridine residues in the stem-loop structure led to a drastic reduction in complex formation (24) .
It is also known that binding of the coat protein of bacteriophage R17 to a hairpin loop structure in the initiation region of the replicase gene serves a regulatory role in the phage life cycle. Deletion of a bulged adenosine residue led to a dramatic decrease in the specific binding of the coat protein, demonstrating the importance of the hairpin-loop structure for binding (37) .
Binding of cellular proteins may be required for togavirus RNA replication. The mutagenesis data of Niesters and Strauss (25) suggested that the 5'-terminal hairpin structure, or the 3'-terminal complement in the minus strand, served as a binding site for cellular proteins. The results presented here on the effects of binding of cellular proteins to the 3' end of the minus strand of wild-type and mutant d5 RNAs are consistent with the hypothesis that the 3'-terminal structure in the minus strand is bound by cellular proteins to promote RNA replication, and we propose that the binding of cellular proteins observed in our experiments represents one of several crucial steps in the initiation of plus-strand RNA synthesis from a minus-strand template. It is interesting to note that in other cases described above, a severe reduction of the binding activity was observed when mutations were introduced into structures bound by proteins, while a deletion of a comparable unpaired nucleotide in the Sindbis virus structure led to a threefold increase in the half-life of the complex. It is unclear whether the effect of the dS mutation arises because this nucleotide is a contact residue for binding, or whether the deletion leads to an altered secondary structure which functions improperly. Biebricher et al. (4) showed that different folding of a region of Q,B bacteriophage RNA may destroy its ability to function as a template for replication. Assuming that our model is correct, it is also unclear whether the slower dissociation rate of cellular VOL. 66, 1992 protein(s) from Sindbis virus d5 initiation complexes during the initial stages of viral RNA replication leads to a reduction or suppression of further replicase activity, or whether the abolition of a binding site for another protein involved in complex formation is responsible for the lethality of the d5 mutation. In any event, in mutants 5NTd (8) and 5NTd (8, 36) , the required structure for RNA replication might be abolished only at the nonpermissive temperature, although a destabilization of the structure at the permissive temperature might be responsible for the altered RNA synthesis under these conditions. In our binding assay experiments, these two probes were indistinguishable from the wild-type probe.
Mutagenesis experiments of Kuhn et al. (18) led to the hypothesis that cellular factors, presumably different from those studied here, also bind to the 3' NTR of Sindbis virus to promote minus-strand synthesis from a plus-strand template. As described above, Nakhasi et al. (24) identified cellular factors that bind to the 3' NTR of rubella virus, a virus related to Sindbis virus. Both Sindbis virus (genus Alphavirus) and rubella virus (genus Rubivirus) are classified as members of the family Togaviridae, and they appear to be related and descended from a common ancestor. Although only limited sequence identities are present throughout the genomes, the genome organizations of these two virus groups, as well as many aspects of their replication and structure, are very similar (9) . It seems likely that these viruses also share the property of using cellular proteins to promote both plus-strand and minus-strand synthesis. In Sindbis virus, a 51-nucleotide element capable of forming two stem-loop structures, present in the coding region of nsPl, has also been hypothesized from mutational studies to bind cellular proteins (26) . This element is not highly conserved in rubella virus (9) , and it is unclear whether it serves the same function in this virus.
The identities of the cellular proteins that bind to Sindbis virus RNA are clearly of interest. Our cross-linking experiments identified two cellular proteins that were specifically involved in complex formation with the 3' end of the minus strand, as well as a third protein that may also react specifically with the viral sequences. These proteins may be ribosome associated, since they are present in the salt wash supernatant of cellular extract pellets, which is a common way of isolating ribosome-associated factors. There is perhaps analogy to the situation with bacteriophage Q, replicase in which three cell proteins normally associated with protein synthesis form components of the replicase (5). We are currently attempting to isolate sufficient quantities of these proteins to allow their characterization.
